It has been and still is common practice to use in-plane wicking measurements to evaluate the absorbing power or liquid transport capabilities of fibrous sheet materials [1, 2, 3, 4] . Most versions of test methods used for this purpose start out by dipping one end of a sheet into liquid and monitoring the subsequent upward movement into the sheet, either by following the position of the liquid front or by gravimetric or volumetric changes. If the upward distance traveled by the liquid becomes long enough (in many cases, more than a few centimeters), there can be a noticeable effect of gravity on the flow rate. The ultimate effect, of course, will be when the liquid stops moving completely. At that point, the capillary pressure that raises the liquid is balanced by the effect of gravity, that is, by the weight of raised liquid.
column that would produce the equivalent of the capillary pressure, L is the height of rise at any time, is the liquid density, and g is the gravitational constant.
Thus the flow velocity can be expressed in the form [2] Equation 2, after integration between L = 0 and L = L, becomes [3] Equation 3 , describing linear motion, can be converted so that it describes uptake volume (if we assume complete filling of pores) by making the following substitutions: V c = L c A , and V = LA , [4] Where A is the cross-sectional area normal to the direction of flow, and e is the porosity of the material. This produces [5] Since the complimentary expressions for weight uptake would be W c = V c and W = V , therefore
[6]
Figure 1 PROGRESS OF WICKING FOR STRONG AND WEAK ABSORBING SHEETS HAVING SAME CONSTRUCTION
Using typical values for viscosity, density, etc., one can use Equations 3, 5, or 6 to predict the movements of a strongly absorbed liquid (L c = 100 cm) and one that is absorbed less (L c = 10 cm) into the same porous network. The results are shown in Figure 1 . As can be seen, the rates of rise drop off precipitously and continuously shortly after the start of liquid movement. For both cases, velocity drops to about 10% of the initial value after a rise of about 5 cm.
In contrast, if the same materials were wicking in a gravity-free environment, the flows would be as shown by the broken lines in Figure 1 . As would be expected, the less the capillary pressure, the more relatively drastic is the effect of gravity.
The curves shown in Figure 1 clearly indicate that comparisons between the two materials made after an arbitrarily chosen singular time interval (or at a single height of rise) will not be reliable indicators of absorption performance. For example, the difference in distance traveled after two minutes is markedly less than that after 10 minutes, both in absolute and relative terms.
The previous analysis compared wicking rates for materials with different capillary pressures, but still having the same physical structure (i.e., permeability). However, when porous networks contain different distributions of pore sizes, such geometric differences can influence the movement of liquid even if the solid surfaces have the same wettability.
To obtain an expression for capillary pressure-induced flow in a single pore, we start with Poiseuille's Law for viscous flow through a single circular channel:
According to this, we would expect liquid always to flow faster through a larger pore. However, the analysis above does not account for the influence of gravity when the wicking process is vertical upward. As previously explained, the rate equation should now include an opposing hydrostatic pressure P H :
[12]
Since P H = gL, Equation 12 becomes
Rearranging and integrating produces [14] In order to focus on the specific effect of pore size (radius R), we will assign the following constants, which are approximately correct for water:
= 70 dynes/cm g = 10 3 dynes/cc and µ = 1.0 centipoise.
These constants convert Equation 14 into [15]
For any particular pore radius, a specific L versus t relationship can be written. For example, if R = 0.01 cm,
[16] .
Figure 2 WICKING PROGRESS FOR TWO DIFFERENT SIZE PORES

Figure 3 PREDICTED LIQUID TRANSFER BETWEEN TWO INTERCONNECTED PORES DURING WICKING
Therefore, we can compare competitive wicking for any collection of pore sizes, using the appropriate versions of Equation 15. Figure 2 shows length versus time plots for two different pore sizes. At first, the larger pore moves liquid faster than the smaller one, but eventually, the flow rate in the former slows down more drastically, and at some point, while both pores are still moving liquid, the front in the smaller one passes the other.
The effect of this transition on the uniformity of the liquid front in an interconnected multipore system can be anticipated with the help of Figure 3 . At time (1) the level in the larger pore, being higher, produces a hydrostatic pressure gradient P h that will move liquid from the larger to the smaller. At the same time, the greater capillary pressure produced by the smaller pore will also pull liquid from the larger one.
The combined effect of these two processes will be to minimize any difference in liquid height within the pores. The rising liquid front of the multiporous material will be effectively uniform. At time (2) the fronts in the individual pores are at the same height and therefore there is no hydrostatic transfer effect. The difference in capillary pressures will still cause movement of liquid from the large to the smaller. At time (3) (and from then on) the capillary pressure will still be transferring liquid from the larger pore and will thus be augmenting the more rapid advancement of the liquid in the smaller pore. The hydrostatic pressure difference will now be opposing this nonuniform rise.
Thus one would expect the liquid front in a network containing large and small pores to be effectively uniform during the early stages of upward wicking, but then to become progressively disperse as the liquid in the smaller pores moves ahead of that in the larger ones. This phenomenon has been observed with many such systems. 
TIME 81 SECONDS B C
Competitive wicking studies with a set of household paper towels (labeled A, B, C) and a laboratory grade filter paper (F) have been carried out with the aid of digital camera recordings at one second intervals. The pictures shown in Figure 4 clearly show that the "overtaking" phenomenon does occur with such materials. In 4a it can be seen that the rise of liquid is initially faster in Sample B, however, within a few seconds and after a rise of about 2 centimeters, the wicking rate for Sample A becomes greater. The next set of pictures, (4b) shows a similar effect when Sample B and C are compared. The rise in C, which was first slower that that in B, becomes faster after about two minutes. The third set (4c) also illustrates the same transformation as the wicking rate in the filter paper overtakes that in Sample C. 
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All of the results shown in Figure 4 are consistent with the general principle that smaller pore will start out wicking upward at a slower rate but will eventually move liquid faster. The pore size distributions for the four samples, obtained by incremental pore volume distribution analysis [5] , as shown in Figure 5 , affirm this dictum.
This "overtaking" phenomenon, as predicted by analysis and demonstrated by the pictures shown in Figure 4 , clearly inform us that, especially when competing materials have different pore sizes, an upward wicking test procedure will not be able to identify which is the fastest absorber. Each of the four candidates used in that study was the "fastest" at some point in time or distance.
Downward Wicking
One approach to a rigorous test for wicking performance that appears to avoid the above problems is to monitor downward wicking.
Figure 5 PORE SIZE DISTRIBUTIONS OF THE SAMPLES USED FOR COMPARATIVE WICKING STUDIES
In practice, downward wicking experiments could not be performed without some initial upward wicking phase. One kind of experimental arrangement is shown in Figure 6 . For this case, the hydrostatic head at any time should be It is helpful to define a single constant C=L c cos [19] This produces [20] (Here L is the length of the liquid front starting from the beginning of downward movement.)
Figure 6 ARRANGEMENT FOR CARRYING OUT CONTROLLED DOWNWARD WICKING TESTS
Figure 7 RESULTS OF DOWNWARD WICKING TEST (LIQUID USED WAS HEXADECANE)
When integrated between L = L and L = 0, the above becomes (with time t starting at the moment when downward flow begins)
[21]
Comparing Equation 20 for downward wicking with Equation 3 for the upward direction, one sees that they have somewhat different forms. An example of the progress of downward wicking, as predicted by Equation 20, is shown in Figure 7 . After an initial deceleration, the rate of wicking becomes essentially constant. This can be explained by the following:
The general equation for downward wicking can be used to predict the consequences of certain experimental conditions. For example,
These relationships are useful because they equate an easily measured flow rate to a set of material and experimental constants. Since, at this point the movement of the front is relatively slow, L is not changing significantly, and, therefore, the flow rate remains steady, as shown in Figure 7 .
The condition L 0 = L that leads to a "constant" flow rate can then be used to determine the two fundamental quantities that control the wicking process, namely, capillary pressure P c and permeability K. If we carry out two experiments with the same specimen, changing only the L 0 distance, we will get a different constant flow rate for each run. (Referring to Figure 6 , this is done simply by moving the roller bar to a different position.) The ratio of these two rates can then be used in the following relationship:
General expression for downward wicking when L 0 = L
[25] Ratio (ƒ) for two flow rates Once L c is determined, it can be entered into the general equation 25 and used with either flow rate to obtain the permeability:
[29]
In this way we can determine the capillary height (L c ), and therefore, the capillary pressure (P c ), and the permeability K. With these two fundamental properties, one can predict the overall wicking performance of a material under any conditions.
Conclusions
The theoretical and experimental evidence presented here clearly suggest that upward wicking testS that are based on a single endpoint, either of time or distance, may produce comparisons that will be misleading. The downward wicking arrangement and analysis seems to be one way to obtain useful information in a reliable and practical manner.
-INJ comfortable.
Dr. Edward Vaughn, Professor, School of Textiles, Clemson University gave the keynote address, entitled, "Nonwoven Hybrids -The Route to Millennium Magic." Hybrids cause synergism (unexpectedly greater than the sum of all the parts) and create products that never existed before. Essentially, nonwoven technologies adapt machinery and processing principles that are traditionally used in the textile, paper, and extruded polymer industries along with those of air-laid technology to produce rolls of nonwoven fabrics at high speed. Nonwoven hybrids incorporate the advantages of two or more nonwoven manufacturing systems while eliminating the weakness to produce specialized fabrics with properties unattainable by any single nonwoven process.
Dr. Vaughn summarized that the nonwoven hybrid structures are the product of industrial creativity and invention and have been made possible through the development of understanding of specific technical needs and the intelligent selection of materials and processes to most efficiently satisfy those needs. They have been proven to be successful because they perform better than other fabrics and often provide properties and performance levels not approachable by other fabrics.
Mr. Bill Goynes of SRRC presented data on needlepunched blankets made from low-grade gray cotton and recycled polyester. 
